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Reclamation of filtered bicarbonate
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The kidney participates in the maintenance of acid-base
homeostasis by 1) reabsorption of the filtered load of bicarbon-
ate and 2) excretion of fixed acids through the titration of
urinary buffers and the excretion of ammonium. Since 4500
mEq of bicarbonate are filtered daily, an equal amount of
hydrogen ion must be secreted in order to reclaim this filtered
load of bicarbonate. The excretion of acid involves the secre-
tion of an additional 20 to 40 mEq of hydrogen ions which titrate
urinary buffers, and by the production and excretion of 30 to 40
mEq of ammonium. These processes replace, stoichiometri-
cally, that bicarbonate lost when acid products of metabolism
enter the extracellular compartment. Thus, the majority of
hydrogen ion secretion by the kidney involves the reclamation
of filtered bicarbonate, a process accomplished predominately
in the proximal convoluted tubule. The mechanisms and regu-
lation of this high-capacity acid secretory system is the subject
of this review.
Mechanism of bicarbonate absorption
The mechanisms for bicarbonate absorption by the proximal
convoluted tubule are displayed in Figure 1. That active proton
secretion, not primary bicarbonate absorption, is the mecha-
nism responsible for reclamation of the filtered bicarbonate load
has been demonstrated by numerous micropuncture studies in
the rat in vivo. Rector, Carter and Seldin [1] were the first to
investigate the mechanism of this process by application of the
"disequilibrium pH method" as deduced from theoretical con-
siderations by Walser and Mudge [2]. The disequilibrium pH
technique has been reviewed in detail elsewhere [31. Briefly,
Rector and colleagues employed microelectrodes to compare in
situ pH in the proximal tubule after administration of a carbonic
anhydrase inhibitor, to that pH attained when tubule fluid
reached chemical equilibrium at a known PCO2 (equilibrium
pH). Since the pH in the proximal tubule lumen was more acid
than the equilibrium pH by 0.89 units, it was concluded that
hydrogen ion secretion, not bicarbonate reabsorption per Se,
was the mechanism of bicarbonate reclamation in this nephron
segment. Vieira and Malnic [4], using slightly different tech-
niques, verified this observation. Subsequently, these findings
were challenged since it had been assumed by both laboratories
that the PCO2 prevailing in the proximal tubule was equal to
that measured in systemic arterial blood [5]. After the develop-
ment of PCO2 microelectrodes by Pucacco and Carter [6], a
number of laboratories [7—12] using several different techniques
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demonstrated that the PCO2 in the renal cortex is approxi-
mately 55 to 65 mm Hg, not 35 to 45 mm Hg. Nevertheless,
DuBose, Pucacco and Carter [13] have demonstrated a signifi-
cant negative disequilibrium pH (—0.68 units) in the proximal
tubule during inhibition of carbonic anhydrase despite the
higher PCO2 in renal cortex than in systemic arterial blood.
Thus, proton secretion is the mechanism of bicarbonate recla-
mation in this nephron segment. As displayed in Figure 1, H
ions are secreted into the tubule lumen, in large part by the
Na/H antiporter [14—16], and to a lesser extent by an
ATP-driven proton pump (H-ATPase) [17—19]. Intracellular
HC03 ions, generated by either mechanism, exit across the
basolateral membrane on a unique, electrogenic Na(HC03)3
symporter [20—22]. Thus, transepithelial absorption of HC03
is accomplished.
Apical membrane H secretion: Mechanism
The driving force for the Na/H antiporter is the favorable
chemical gradient for Na across the apical membrane, gener-
ated by the basolateral (Nat + K) ATPase. Thus, Na/H
exchange is an example of a secondary" active transport
process [23]. The Na/H antiporter is reversible, and can also
substitute for Na, either Li or NH4 [24]. The diuretic
amiloride inhibits the Na/H antiporter reversibly and dif-
ferent patterns of inhibition emerge when amiloride analogues
are employed [25]. This inhibition appears to be mediated by
amiloride interaction at an external site on the Na/H an-
tiporter [261. The kinetics of the amiloride interaction with the
Na/H antiporter has been controversial [15, 16, 27]. Chloride
has been shown to modify the inhibitory effects of external
amiloride, and in the presence of chloride, different patterns of
inhibition kinetics (competitive, noncompetitive, or mixed) can
be elicited [28]. Moreover, studies in our laboratory have
demonstrated that external amiloride exerts mixed inhibition of
Na/H exchange in rabbit brush border membrane vesicles
(BBMV), while noncompetitive inhibition is observed in human
BBMV [29].
Recently, progress has been made in the understanding of the
molecular biology of proton transport by the cloning and
sequencing of a 4.0 kb cDNA of the Na/H exchanger from
mouse fibroblasts transformed with human genomic DNA
(ST31A cDNA) [30]. Recent evidence suggests that this cDNA
may represent a "housekeeping form" of the Na/H an-
tiporter. Several groups have reported preliminary attempts to
clone the cDNA encoding the Na/H exchanger in LLC-PK1
cells [31], rabbit [32] and rat kidney [33] and human placenta
(Note added in proof). In each of these studies a high degree of
584





sequence homology was observed in comparison to the full
length, growth-hormone activated, human antiporter [30] but
the cDNA of the Na/H antiporter mediating renal H secre-
tion remains elusive at present. Several groups have reported
preliminary attempts to clone the cDNA encoding the Na/H
exchanger in LLC-PK1 cells [31], in rabbit [32] and rat kidney
[33], and human placenta (Note added in proof). In each of these
studies a high degree of sequence homology was observed in
comparison to the full length, growth hormone activated, hu-
man antiporter [30].
In the absence of Na, a residual bicarbonate absorption of at
least 20% has been demonstrated to persist in the proximal
tubule [34, 35]. Complete inhibition of the Na/H antiporter
by t-butyl amiloride decreases HCO3 absorption by only 65%
[171. Thus, the remaining fraction of H ion secretion, in both
examples, must be attributed to a mechanism separate from
Na/H exchange. DCCD has been shown to inhibit proximal
volume absorption, even in the presence of amiloride, suggest-
ing the existence of an apical H-ATPase [19]. Moreover,
studies by Preisig and Rector [181, and Kinne-Saifran, Beau-
wens and Kinne [36] have provided evidence for contribution to
apical proton secretion by a Na-indepedent mechanism. Re-
cently, Turrini and associates [37] have examined and com-
pared H-ATPases on the inside of the BBMV with endosomal
proton pumps. Under all conditions examined, H-ATPases
from these two fractions were observed to be indistinguishable,
suggesting that the transport characteristics of the BBMV
H-ATPase and the endosomal H-ATPase are essentially
identical [38]. Moreover, antibodies directed against the 70-,
56-, and 3l-kDa subunits of the bovine H-ATPase co-localize
to the basal region of microvilli in the brush border membrane
[39]. Staining was most intense in the early proximal segment
with progressive diminution along the length of the proximal
tubule, In addition, the H-ATPase in BBMV belongs to the
"vacuolar" class, as do H-ATPases in clathrin-coated vesi-
des, Golgi, endosomes, lysomes, and as well, renal medulla
[40]. Endosomal membrane vesicles from rabbit renal cortex
contain an ATP-driven proton pump [41, 42]. In parallel with
the proton pump is a Cl conductive pathway which provides
charge compensation for electrogenic acidification of the vesi-
cle interior [42, 43]. The proton pump exhibits an absolute
dependence on Cl for full activity [42, 43], and is co-identified
by antibodies raised against the renal medullary H-ATPase
[38]. While the function of the renal endosomal H-ATPase has
not been defined fully, the similarity of this H-ATPase with
the BBMV proton pump suggests that endosomes may provide
an additional mechanism for acid extrusion by fusion with the
apical membrane [44].
Apical membrane H' secretion: Regulation
Studies in proximal tubules perfused in vivo or in vitro, as
well as in BBMV from renal cortex, have demonstrated an
adaptive increase in bicarbonate reabsorption and/or the rate of
Na/H exchange in response to metabolic acidosis, potassium
depletion, unilateral nephrectomy, glucocorticoids, growth hor-
mone, and hypoparathyroidism [44—52]. Conversely, inhibition
of the antiporter has been observed in the presence of parathy-
roid hormone or cyclic adenosine monophosphate [53, 54].
Elegant in vivo micropuncture studies by Cogan and associ-
ates [55—57] have identified luminal and basolateral determi-
nants which participate in the regulation of bicarbonate absorp-
tion by the proximal tubule. In these studies it has been
assumed that changes in absolute bicarbonate reabsorption
(JtCO2) are the result of changes in activity of either the apical
Na/H antiporter or basolateral Na(HCO3)3 symporter.
Liu and Cogan [58, 59] have demonstrated that proton secretion
across the apical membrane is highly responsive to luminal
bicarbonate concentration, that the maximal transport response
is some twofold higher in the early as opposed to the late
proximal tubule, but that saturation was demonstrable in both
subsegments. In addition to stimulation by luminal bicarbonate,
other regulatory factors identified to date include an increase in
luminal flow rate [60] and arterial PCO2. Conversely, bicarbon-
ate absorption is inhibited by an increase in peritubular bicar-
bonate concentration or pH [55]. Studies performed in a variety
of conditions, including metabolic acidosis with or without
volume contraction or expansion, reveal an excellent correla-
tion between filtered bicarbonate load and absolute bicarbonate
absorption [61]. Moreover, extracellular fluid volume status did
not appear to exert an independent influence on JtCO2. This
observation, that peritubular Starling forces and extracellular
volume status play no significant role in regulation of bicarbon-
ate transport, stands in sharp contrast to the significant effects
of volume homeostasis on sodium chloride absorption by the
PCT.
The proximal convoluted tubule is known to be innervated by
the sympathetic nervous system and is endowed with an
abundance of adrenergic receptors. Cogan [62] has demon-
strated that renal denervation decreases reabsorption of sodium
bicarbonate, sodium chloride and water, but does not alter the
glomerular filtration rate. While these findings indicate direct
sympathetic control of proximal bicarbonate absorption, inde-






Fig. 1. Cell model for bicarbonate reclamation in the proximal convo-
luted tubule. Filtered HC03 is titrated by H secreted predominantly
by the apical Na/H antiporter, and by a proton translocating ATPase.
HCO3 exit is accomplished by a Na(HC03)3 cotransporter. C.A.
indicates carbonic anhydrase.
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a2, or f3) responsible for this effect on bicarbonate and salt
transport has not yet been elucidated.
In keeping with the regulatory influence by extrarenal and
renal factors on proximal bicarbonate reabsorption, Liu and
Cogan [63, 64] have demonstrated recently that angiotensin II
stimulates bicarbonate reabsorption markedly in the early prox-
imal tubule, while parathyroid hormone elicits the opposite
effect. Moreover, an inverse correlation between effiux of
cyclic AMP into the tubule lumen, and the rate of bicarbonate
absorption was demonstrated. Thus, angiotensin II depressed
cAMP levels and increased JtCO2, while PTH increased cAMP
levels and decreased JtCO2. Based on these findings a model
was proposed by Cogan and Liu [65] for hormonal control of
proximal bicarbonate reabsorption. In this model, occupancy of
the Ang II receptor through mediation by an inhibitory G-pro-
tein (G1) diminishes adenylyl cyclase activity and, thereby,
intracellular cAMP. The reduced level of cAMP then stimulates
bicarbonate absorption, presumably by activation of the apical
Na/H antiporter. Conversely, PTH receptor occupancy,
through activation of stimulating G-protein (Ga), increases
adenylyl cyclase, and cAMP, and thus decreases Na/H
exchange. While the precise pathway of U-protein modulation
of acidification remains to be elucidated, further evidence of U1
modulation of the cAMP-mediated alteration of bicarbonate
reabsorption was evidenced by the demonstration by these
same workers that pertussis toxin pretreatment in vivo was
associated with a blunted response. Gurich and DuBose [42] in
our laboratory have demonstrated that cAMP also participates
in the modulation of acidification by direct inhibition of endo-
somal H-ATPase. The inhibition of intravesicular acidification
in renal endosomes by cAMP is dose, and chloride dependent.
Recent preliminary observations by our laboratory have shown
that nonhydrolyzable analogues of GTP, such as GTP-y-S,
increase the rate of intravesicular acidification (J) signifi-
cantly. These findings suggest that G-proteins are present in
endosomal membranes and that they may participate in the
regulation of intravesicular acidification. A clearer understand-
ing of the role of G-proteins in the regulation of endosomal
acidification will require further investigation.
Basolateral transport: Na (HC03)3 symporter
Alpern and Chambers [20, 66], and Boron and Boulpaep [211
have measured intracellular pH (pH1) and have demonstrated
that the basolateral membrane possesses a SITS and voltage-
sensitive, electrogenic H/OHfHCO3 transporter. In addi-
tion, this transporter has been demonstrated to be coupled to
and dependent on Na [21, 22]. Studies in basolateral mem-
brane vesicles by Grass! and Aronson [22] confirmed the
electrogenicity of this mechanism and suggested that HC03,
not 0H, was the species transported. Several lines of evi-
dence have indicated that the Na(HCO3 symporter is the
major mechanism mediating basolateral base exit [68, 69].
Furthermore, Alpern and Chambers [69] have demonstrated
that the basolateral transport system is more influential than
apical membrane transporters in the regulation of pH1. Krapf
[70] has demonstrated a "sidedness" with respect to defense of
pH1 from cell acidification or alkalinization. The SITS-sensitive
basolateral transporter appears to respond to both acid and
alkali loads, as induced by acute changes in PaCO2. The
amiloride-sensitive Na7H antiporter responds to acid loads
only.
Role of carbonic anhydrase
The enzyme carbonic anhydrase exists in two distinct forms
in the proximal tubule: 1) the membrane-bound form, desig-
nated Type IV, and 2) cytoplasmic or Type II carbonic anhy-
drase [71]. That the membrane-bound fraction is in functional
contact with proximal tubule fluid at the apical membrane has
been demonstrated by our laboratory [72]. A dextran-bound
impermeant inhibitor was compared to the unbound, and highly
permeant parent agent. These studies revealed that the mem-
brane-bound fraction serves to facilitate bicarbonate absorption
in the early proximal tubule by preventing the accumulation of
H2C03, thus opposing the rapid development of limiting gradi-
ents for [H] across the apical membrane, The cytosolic
fraction of the enzyme facilitates the conversion of base from
OH—, which cannot be transported, to HC03, which then
exits on the Na(HC03)3 symporter. Finally, as demonstrated
in recent studies by Soleimani and Aronson [73], the basolateral
membrane-bound fraction serves to facilitate the HC03 exit
step by interacting indirectly with the Na(HCOi3 symporter.
That is, rather than by exerting influence on the symporter,
carbonic anhydrase enhances the generation of bicarbonate,
providing substrate for the exit step.
Bicarbonate reclamation beyond the proximal convoluted
tubule
Proximal straight segment (PST). The rate of bicarbonate
absorption in isolated perfused proximal straight tubule is much
less than in proximal convoluted tubules, declining progres-
sively from S2 to S3 subsegments. Acid extrusion by this
segment is carbonic anhydrase-dependent, partially dependent
on Nat, and independent of Cl [74, 75]. Since the pH and
[HC031 of tubule fluid delivered out of the proximal convo-
luted tubule is approximately 6.7 and 8 mEq/liter, respectively
[76b it is doubtful that bicarbonate absorption in PST plays
more than a minor role in overall renal reclamation of bicar-
bonate. Acute alteration of acid-base status appears to have no
effect on either sodium-dependent or sodium-independent bi-
carbonate absorption in the PST in vitro [74]. Both S2 and S3
subsegments of the PST secrete ammonia 175]. Kurtz eta! have
demonstrated that the acid disequilibrium pH present in the
PST, because of an absence of membrane-bound, or luminal,
carbonic anhydrase, creates an environment favorable for am-
monia entry into the tubule lumen [77].
Thick ascending limb of Henle (TALH). Medullary and
cortical thick ascending limbs of Henle absorb bicarbonate
when perfused in vitro with symmetrical bicarbonate solutions
[78, 79]. The rates of bicarbonate absorption are of sufficient
magnitude to account for the "loop" contribution (10 to 15%)to
reclamation of the filtered bicarbonate load. As a result of water
abstraction in the thin descending limb, the [HC03] in tubule
fluid increases from 8 mEq/liter at the late proximal convoluted
tubule to 24 mEq/liter at the bend of the loop [741. Therefore,
the bicarbonate which escapes reabsorption by the PCT is
delivered to the TALH at a higher concentration. Since bicar-
bonate absorption in the TALH, like in the PCT, is highly
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dependent on luminal [HC03], reabsorption in the TALH is
thereby enhanced [80].
The mechanism of bicarbonate reclamation in the TALH is
similar in many respects to that described earlier for the
proximal convoluted tubule. Bicarbonate absorption in the
TALH is active, and is accomplished by sodium-dependent
amiloride—sensitive proton extrusion [79, 80]. Furthermore,
bicarbonate reabsorption is stimulated by luminal furosemide,
and is completed by base exit across the basolateral membrane,
likely as a result of an electrogenic Na(HCO3) cotransporter
[81]. Carbonic anhydrase is present in the TALH (cytoplasmic)
and inhibition of the enzyme inhibits bicarbonate reabsorption
in the cortical TALH of rat [71, 811. The rabbit cortical TALH
lacks carbonic anhydrase [81] and, in keeping with this obser-
vation does not absorb bicarbonate [75]. The possible contri-
bution of an apical membrane H-ATPase in the TALH remains
to be defined, but indirect evidence suggests a possible contri-
bution by this mechanism also.
Bicarbonate absorption in the TALH is highly regulated by
both systemic and intrarenal factors. Studies in our laboratory
by Good [82, 83] have demonstrated that chronic systemic
metabolic acidosis enhances, while chronic chloride depletion
metabolic alkalosis decreases absolute HC03 absorption in
the rat medullary TALH perfused in vitro. Moreover, dietary
sodium intake exerts an independent positive effect on bicar-
bonate absorption in this segment [83]. Whether the increase in
JtCO2 observed with increased sodium intake is a consequence
of cell hypertrophy and augmentation of (Na + K) ATPase
remains to be determined.
In addition, arginine vasopressin has been demonstrated to
inhibit transepithelial bicarbonate absorption in the TALH [84].
Moreover, this inhibition is reproduced by maneuvers which
increase intracellular levels of cAMP, and is observed, as well,
after glucagon [84]. Thus, changes in intracellular cAMP levels
may mediate the response to peptide hormones and other
factors which influence bicarbonate absorption, including, per-
haps, systemic acid-base balance.
Bicarbonate reclamation in the collecting duct
Since the fraction of the filtered bicarbonate load delivered to
the distal convoluted tubule and the cortical collecting tubule is
low, the contribution of these segments to reclamation of
bicarbonate are similarly much less than in more proximal
segments. Nevertheless, when the filtered load is normal or
reduced, in order to avoid excretion, and to allow for titration of
urinary buffers in more terminal segments, this amount of
bicarbonate must be reabsorbed. As the filtered load of bicar-
bonate is increased, as a result of the low capacity for bicar-
bonate reabsorption in these segments, bicarbonate excretion
will be augmented. Moreover, the cortical collecting tubule has
been shown to be capable of both net bicarbonate reabsorption
and secretion [85]. The direction and magnitude of net HC03
transport is dependent on the acid-base status of the animal [86,
87].
The cellular mechanism of bicarbonate absorption in the
cortical and outer medullary collecting tubule involves electro-
genic secretion of H ions, accomplished by an apical ATP-
dependent proton pump, in parallel with a basolateral HC03-
Cl exchange mechanism [40]. The terminal portions of the
collecting duct are also capable of bicarbonate reabsorption by
a similar mechanism [88]. Neither the outer or inner medullary
collecting duct has been demonstrated to secrete bicarbonate,
however.
Summary
Approximately 85% of the filtered bicarbonate load is reab-
sorbed in the proximal convoluted tubule. Transport in this
segment displays saturation kinetics, and exhibits a higher
capacity for reabsorption in the earliest portion. Reclamation of
bicarbonate is highly regulated in the proximal tubule: an
increase in luminal [HC03], flow rate and arterial PCO2
increase, while alkalinization of the peritubular surface inhibits
bicarbonate absorption. Angiotensin II also appears to regulate
bicarbonate transport, especially in the SI segment. The major-
ity of the filtered bicarbonate load which escapes reabsorption
in the proximal tubule is reabsorbed in the thick ascending limb
of Henle's loop. Bicarbonate reclamation in this segment is
enhanced by luminal [HC03] and furosemide, and by chronic
metabolic acidosis and increased dietary sodium intake. Amil-
oride, AVP and glucagon inhibit absorption in the thick ascend-
ing limb.
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